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overexpressed in tumor cells, rendering them attractive
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Recent X-ray structures of the extracellular domains76100 Rehovot
Israel of the v3 integrin with and without ligand (Xiong et
al., 2001, 2002, 2003) as well as docking studies based2 Institut fuer Organische Chemie und Biochemie II
Technische Universitaet Muenchen on these structures (Gottschalk et al., 2002b; Gottschalk
and Kessler, 2002; Marinelli et al., 2003) have signifi-Lichtenbergstrasse 4
857474 Garching cantly increased our understanding of ligand binding
and specificity. The X-ray structure shows a distinct kinkGermany
in the stalk regions of the integrins, which is contradic-
tory to some electron microscopy work. Therefore, the
correct quaternary domain arrangement is still underSummary
discussion (Adair and Yeager, 2002; Liddington, 2002;
Xiong et al., 2001). The biologically most significant con-The presented work describes a structural model for
formation of the stalk regions has been described byintegrin homooligomerization, focusing on the trans-
Adair and Yeager, who could obtain three-dimensionalmembrane domains. The two noncovalently linked in-
reconstructions of EM images of full integrins includingtegrin subunits,  and , were previously shown to
TM domains (Adair and Yeager, 2002). Docking the in-homodimerize or homotrimerize, respectively. Our
tegrin domains into the electron densities gave a com-work is based on published mutational work that in-
pact resting state of the integrin, which is distinctly dif-duced homotrimerization of 3 integrins. The muta-
ferent from the quaternary structure of the X-raytions provided structural restraints for the creation of
structure. In addition, the reconstructions clearly evi-a structural model of the3 homotrimer by a computa-
dence the interaction of the TM domains.tional search of the conformational space of homo-
NMR structures of the cytosolic domains of IIb3meric interactions of the 3 integrin. Additionally, we
integrin shed new light onto intracellular structure ofexplored possible conformations of the IIb integrin
this family of signaling molecules (Vinogradova et al.,homodimer, for which no unique solution was found.
2000, 2002). Nevertheless, the conformations of the TMTwo possible models of signal transduction, involving
domains and their interactions are still not amenable totwo different IIb conformations, are discussed. One
high-resolution structural elucidation.of the possible homodimeric IIb conformations is
It is generally accepted that integrin signal transduc-GpA like, which is in line with experimental evidence.
tion is performed in three steps: the inactive, heterodi-Based on our here-presented structural models and
meric resting state of integrins is activated by eitheron recent experiments, we will argue that most proba-
intra- or extracellular activators (Carman and Springer,bly the heteromeric/ transmembrane complex sep-
2003). The resting state, which has low affinity to extra-arates in the course of clustering.
cellular ligands, is converted to a high-affinity active
state. After binding to extracellular ligands, integrins
Introduction form clusters, which consist of higher order structures of
integrins and can encompass other membrane proteins.
Since cells have to communicate with the environment A 3D reconstitution of a full v3 integrin including
for survival and task sharing in higher organisms, signal the TM domains evidenced that the TM domains of in-
transduction through the cell membrane is crucial for tegrins are interacting (Adair and Yeager, 2002). This
cellular life. Communication is mainly performed via is in line with spectroscopic data demonstrating the
transmembrane (TM) receptors. One important family of heterooligomerization of integrin subtypes (Gottschalk
these TM receptors is the family of integrins (Hynes, and Kessler, 2004; Vinogradova et al., 2002). In addition
2002). Integrins are composed of one  and one  sub- to the formation of heterodimers, it has been shown that
unit. Each subunit features large extracellular domains, the TM domains of the  subunit tend to form homodi-
one TM helix, and a small cytoplasmic domain. mers, while the  subunit rather forms homotrimers (Li
Integrins are involved in a large number of fundamen- et al., 2001, 2003). As the resting state is clearly a hetero-
tal cellular processes like cell-matrix adhesion, differen- dimer, the finding of homooligomers has been interpre-
tiation, proliferation, apoptosis, and stress response. ted as being involved in the clustering step after extra-
They couple intracellular signals with extracellular re- cellular ligand binding (Li et al., 2003).
sponses and vice versa. One major reason for the inter- Focusing on the transmembrane domains of integrins,
est of researchers in pharmaceutical companies and we and others realized that these domains display a
academia alike (Mousa, 2002) is the fact that certain Glycophorin A (GpA) motif in the sequence (Adair and
classes of integrins (e.g., v3, v5, and 51) are Yeager, 2002; Gottschalk et al., 2002a; Schneider and
Engelman, 2004). By using a computational search of the
conformational space of the TM domains of 16 different*Corresponding: kay.gottschalk@weizmann.ac.il
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integrin subtypes, we could demonstrate that all sub- et al., 2001; Lear et al., 2003; Partridge et al., 2002; Zhou
et al., 2000, 2001). One can therefore assume that thetypes can indeed form a GpA-like structure as the most
stable conformation (Gottschalk et al., 2002a), which two point mutations have a related effect: in both cases,
the Asn side chain should face the center of the trimerichas recently been corroborated by experimental data
(Schneider and Engelman, 2004). The high crossing bundle, allowing a network of hydrogen bonds between
neighboring helices to be formed. This assumption to-angle between the integrin helices in the GpA-like struc-
ture prevents the formation of a membrane-proximal gether with symmetry considerations guided our modeling
scheme for the homotrimeric 3 bundle. For modeling,salt bridge. This salt bridge has been shown to lock the
integrin in the low-affinity state (Hughes et al., 1996). we performed a symmetric search of the conformational
space of the 3 homotrimer, restraining the system ac-The large distance between the salt-bridging residues
in the GpA-like structure therefore implies that the GpA- cording to the mutational results of Li et al. (2003). The
symmetric search resulted into two possible conforma-like structure represents the high-affinity conformation
of the integrin. We could attribute a more parallel ori- tions, each representing a cluster of at least ten highly
similar structures found during the conformationalented conformation of the / transmembrane helices
to the formation of the salt bridge assuming a helical search. The two conformations are symmetry related to
each other (Figure 1), but differ in the handedness ofextension of the  integrin helix into the cytoplasm. We
assumed that this parallel conformation might represent the crossing angles. In each case, the residues M801
and G807 point toward the center of the bundle (Figurethe resting state of integrins. In addition to the crossing
angle, the models of the closed and the open form differ 1). The replacement of these residues with Asn enables
the formation of a hydrogen-bonded network of threemainly by a rotation of the  helix of about 100
(Gottschalk et al., 2002a, 2002b; Gottschalk and Kessler, Asn in the center of the bundle (Figure 2A). According
to our model, the interhelical interface resembles a Leu-2002).
Since, so far, experimental difficulties prevented the zipper-like motif, featuring mainly Leu, Ile, or Val (Fig-
ure 2B).determination of high-resolution structures of the integ-
rin TM domains, we use here, again, a computational In both possible orientations, the left-handed and the
right-handed bundle, the GpA-like sequence motif foundapproach to gain further insight into the TM clustering
process. Computational methods like those we have in integrins is exposed (Figure 3A). This indicates that
in the homotrimeric conformation the earlier postulatedemployed are ideally suited to fill the void of information
about the structure and dynamics of TM domains (Ad- GpA-like / heterodimer can still be formed. Indeed, a
superposition of the  subunit of the heterodimeric,ams et al., 1995, 1996). Our approach is based on a
conformational search of TM helix-helix interactions GpA-like / complex onto the homotrimeric  complex
is possible for the left-handed 3 homotrimer (Figure(Adams et al., 1996) and validated by the experimental
data available (Li et al., 2003; Schneider and Engelman, 3B). Therefore, the homotrimeric cluster we modeled
based on the calculations of Li et al. (2003) can be com-2004). Restraints obtained earlier by mutations in the
3 subunit (Li et al., 2003) guided our modeling of the bined with the integrin  subunit via a GpA-like trans-
membrane conformation. This trimeric homoassociation3 homotrimer. We will demonstrate that the recently
proposed GpA-like structure of the active form of the of the / heterodimer via the -TM domains might be
the first step toward the formation of focal adhesionIIb3 integrin (Gottschalk et al., 2002a) can be superim-
posed on our here-presented model of the 3 homo- complexes after activation.
trimer.
Furthermore, we performed a global conformational
The IIb Homodimersearch of the transmembrane homodimers of ten differ-
Since it has been observed earlier that the transmem-ent integrin  subtypes, including IIb. The results of this
brane regions of the  subunit can form homodimers (Licalculation are ambiguous. Nevertheless, recent data
et al., 2001; Schneider and Engelman, 2003), we went(Schneider and Engelman, 2004) allow us to compare
on to calculate a structural model for this homodimericthe results with experiment. We discuss our results in
interaction. To this end, a global nonsymmetric confor-the light of different possible clustering mechanisms
mational search of the TM domains of the IIb subtypeand propose a conclusive mechanism for signal trans-
has been performed as described for GpA (Adams etduction by integrins.
al., 1996) and for the integrin / heterocomplex
(Gottschalk et al., 2002a). The search resulted in four
conformations, each representing a cluster of at leastResults and Discussion
ten highly similar structures found during the global con-
formational search. One conformation displays a left-The 3 Homotrimer
The 3 homotrimer was modeled based on mutational handed crossing angle, while the three other conforma-
tions have a right-handed crossing angle.experiments by Li et al. (Li et al., 2003). It was shown that
two point mutations, a M801N and a G807N mutation, It has been suggested earlier to extend modeling
schemes to homologous proteins in order to find con-induce homotrimeric clustering of the 3 monomers.
Many studies of model transmembrane helices demon- served structural features among homologs (Briggs et
al., 2001; Gottschalk et al., 2002a; Kochva et al., 2003).strated that polar or acidic residues like Asp, Asn, or
Glu can drive the formation of transmembrane homo- This line of thought has guided our further procedure:
an identical search protocol as applied for IIb has alsooligomers by forming networks of hydrogen bonds
(Choma et al., 2000; DeGrado et al., 2003; Gratkowski been applied for nine other integrin subtypes. The lowest
Transmembrane Clustering of Integrins
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Figure 1. Results of 3 Conformational Search
Two symmetric conformations with a left- and
right-handed crossing angle, respectively,
have been found in our calculations. In both
conformations, Met701 and Gly708 face the
center of the bundle
average rmsd of the most similar conformation of these oligomerization tendencies have a biological impor-
tance. Nevertheless, they are corroborating our calcula-nine subtypes to IIb is found for a right-handed confor-
mation with an average rmsd of 1.9 A˚ (Table 1). tions and underline the intrinsic propensity of integrin
sequences to form GpA-like dimers. Sequential andThe conformation with the lowest average rmsd (clus-
ter 3) corresponds to a GpA-like conformation. Since functional homology of the integrins allows the conclu-
sion that the observations made for 47—a tendencyeach of the helices in the homodimer displays the GpA-
like helix-interaction motif, this result demonstrates that to form GpA-like / heterodimers as well as GpA-like
 homodimers—are also true for IIb3.the search protocol robustly identifies the GpA-like con-
formation for these sequences. This finding has recently According to our models, the GpA-like helix interac-
tion site of the  subunit is occluded by the  subunit inbeen corroborated by experimental evidence (Schneider
and Engelman, 2004): Schneider and Engelman demon- the initial ligand binding heterooligomeric conformation.
To be accessible to another TM helix from a second strated that an 4 homodimerization can take place.
This homooligomerization can be disturbed by muta- subunit for homodimeric, GpA-like  dimerization in the
course of clustering, the TM helices of the / hetero-tions interrupting the GpA-like motif, implying a GpA-
like conformation for the 4 homodimer. In the same dimer have to separate. Experimental evidence for a
separation of the TM helices before clustering accumu-work, they furthermore demonstrated not only the ho-
modimerization of a diverse set of integrin transmem- lates. Electron microscopy (EM) studies of the ligand
binding head domains show a structural reorganization,brane domains, but also clearly showed that the GpA-
like sequence motif mediates the heterooligomerization which might involve a TM separation, assuming that the
integrin stalk regions transfer this rearrangement linearlyof 47. Based on a computational search similar to the
one described here, we already postulated the formation to the TM domains (Takagi et al., 2003). Since the stalk
regions are much more flexible than initially thoughtof a GpA-like conformation for the IIb3 heterodimer
in the past (Gottschalk et al., 2002a). The experiments (Adair and Yeager, 2002), this might not be the case.
Based on FRET measurements using fusion proteins ofby Schneider and Engelman have been performed on
model peptides, neglecting the intra- and extracellular integrin to fluorescing proteins, it was recently claimed
that the membrane-proximal intracellular termini sepa-domains. Therefore, it is unknown whether the observed
Figure 2. Helix Interactions in the 3 Homo-
trimer
Left, M701N and G708N mutations allow the
formation of a hydrogen bond network in the
center of the bundle (shown left for the M701N
mutation as example). Right, the helix-helix
interaction surface is shown. The helices form
a tight bundle and the interaction is domi-
nated by Leu, Ile, and Val.
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Figure 3. Glycophorin A Motif in the Cluster
The Glycophorin A (GpA) motif is exposed in
the cluster (left). This allows the superposition
of the homotrimeric bundle with the earlier
proposed heterodimeric GpA-likeIIb3 con-
formation (right).
rate after ligand binding with a distance of larger than found at helix interfaces (Russ and Engelman, 2000;
Senes et al., 2000). This conformation might mediate100 A˚ (Kim et al., 2003). These results strongly imply a
separation of the TM helices. Yet, one has to bear in interactions between the 3 trimer, the GpA-like /
heterodimer, and the homodimer, putting the subunitmind that the fluorescing proteins are large relative to
the cytoplasmic domains of the integrins. Therefore, the under structural control of the  subunit (Figures 4A
and 4C).fusion construct might disturb the system and cause
artifacts. In favor of a mechanism including transmem-
brane separation is furthermore the rather week dimer- Formation of Clusters
ization propensity for most heterodimers (as compared As presented above, one coformation for each of the two
to GpA) measured by Schneider and Engelman. Strong homooligomers, thehomotrimer and thehomodimer,
interactions would prevent such a regulatory mech- has been found to be superimposable on the GpA-like
anism. IIb3 heterodimer. A structure consisting of the IIb
Circumstantial evidence argues against a large sepa- homodimer and the 3 homotrimer, bridged by the
ration of the cytoplasmic domains (and thus of the TM IIb3 heterodimer, can serve as a seed for higher oligo-
domains) of integrins. It is well known that ligand speci- meric structures (Figure 4C). Since it is well established
ficity can be controlled by both the  and the  subunits. that integrins cluster after ligand binding to form focal
Based on these findings, we proposed that the ligand adhesion points, we interpret such higher order oligo-
interacts with both subunits (Gottschalk et al., 2002b). mers as seeds for clustering. Although this conformation
This has been confirmed by the X-ray structure of v3 of the IIb homodimer is rather conserved with an aver-
with our cyclic peptide cilengitide (Dechantsreiter et al., age rmsd of 2.2 A˚ to the other tested  subunits, the
1999) as ligand (Xiong et al., 2002). Blystone and cowork- best-conserved cluster of the  homodimer features a
ers demonstrated that not only is ligand specificity under GpA-like conformation. A GpA-like conformation is sup-
 subunit regulation but so too is phosphorylation of ported by recent data (Schneider and Engelman, 2004).
the  subunit (Blystone, 2002; Boettiger et al., 2001a, The two possible  conformations are interpretable
2001b). Since phosphorylation takes place at the intra- in different models of cluster formation (Figure 5). While
cellular domains of 3, it is difficult to imagine how this the GpA-like conformation of the  homodimer supports
event can be regulated by the  subunit if the  and 
subunits separate after ligand binding with a distance
of more than 100 A˚. The reported regulation of phos- Table 1. Rmsd of Different Subtype Models to the Four Clusters
phorylation implicates a structural control of the  sub- of IIb
unit over the  subunit. We therefore checked whether Left
one of the possible homodimeric IIb might support the Handed Right Handed
notion of intracellularly interacting  and  subunits.
Subtype Cluster 1 Cluster 2 Cluster 3 Cluster 4A superimposition of one of the four calculated IIb
models (cluster 1) onto the IIb3 heterodimer in the 1 2.3 1.7 2.0 2.0
2 2.2 0.9 2.0 2.7GpA conformation is possible (Figure 4A). The average
3 2.2 3.2 1.9 2.4rmsd of the most similar conformation of each of the
4 0.8 2.2 1.0 1.5nine calculated subtypes to this conformation of IIb is
5 2.8 0.9 1.4 2.5
2.2 A˚, and the rmsd of each subtype to this conformation
d 1.6 3.3 1.9 3.0
is less than 3 A˚. This conformation is highly symmetrical l 2.3 1.4 2.2 2.7
(although no symmetry has been applied during the con- m 2.7 2.5 2.9 2.6
v 2.5 1.6 2.2 1.6formational search). The cluster has a tightly packed
Mean 2.2 2.0 1.9 2.3interface, with Gly residues at the contact points of the
Standard 0.6 0.9 0.5 0.5helices (Figure 4B). Gly residues have been suggested
Deviation
to facilitate helix-helix interactions and are frequently
Transmembrane Clustering of Integrins
1113
Figure 4. Non-GpA-like Conformation of IIb
One possible conformation of IIb is a sym-
metrical, left-handed helix dimer.
(A) The IIb conformation is compatible with
the GpA-like / heterodimer. The GpA-like
heterodimer is shown in light gray, the 
homodimer in dark gray.
(B) The conformation has a tightly packed
interface with two glycine residues at the cen-
tral contact points. One helix of the homodi-
mer is shown as ribbon. Interacting residues
are shown as sticks, the central glycine resi-
dues as spheres. The surface of the other
helix is shown in gray.
(C) A combination of the 3 homotrimer with
the GpA-like / heterodimer and this model
of the IIb homodimer can be the seed for
higher oligomeric structures. The  subunit
is shown in light gray, the  subunit in dark
gray. The GpA-like / heterocomplex is
framed in black.
a model of integrin clustering with separation of hetero- tion: ligand binding does not induce TM separation, but
induces  homotrimerization with interacting / TMtransmembrane interactions, the other conformation
supports a model with interacting hetero-TM domains. domains. The  homotrimer then induces separation
of the / heterodimer. The kinetics of this separationExperimental data are needed to discriminate these pos-
sible mechanisms. Since the data available are not com- process can be under  subunit control. Once the /
heterodimer is separated, clusters can be formed viapletely conclusive, we cannot confidently distinguish
between the possible IIb conformations. The emerging the GpA-like conformation of the  subunit, followed by
phosphorylation of the  subunit. This course of eventsconsensus in the field supports a model of separating
TM helices. This model is corroborated mainly by FRET would satisfy both demands, regulation of the  subunit
phoshorylation by the  subunit and separation of theexperiments on fusion proteins (Kim et al., 2003). Fur-
thermore, it has been shown that the 4 homodimer as hetero-TM interactions before clustering.
well as the 47 heterodimer can form GpA-like confor-
mations (Schneider and Engelman, 2004). These data Conclusion
In this work we were able to show that the restraintstogether with our calculation support a model of sepa-
rating helices of the / heterocomplex at some stage provided by the work of Li et al. (Li et al., 2001, 2003)
are sufficient to obtain a reasonable structural model ofof the signal transduction process. In a model with sepa-
rating transmembrane helices, the GpA-like motif of the the transmembrane domains of the integrin 3 homotri-
mer. Our model is not only in agreement with the data3 homotrimer is exposed to the lipid after separation
from the  subunit. It might be recruited by other mem- by Li et al., it is also superimposable with our previously
postulated model of the high-affinity state of / hetero-brane-spanning proteins to form complexes with integ-
rins. The two homooligomerization steps (dimerization meric integrins (Gottschalk et al., 2002a). Here, we were
furthermore able to provide two possible models for theand trimerization) shown in Figure 5 do not imply a time
course: it is not clear whether dimerization and trimeriza-  homomeric interactions. Depending on these models,
two different mechanisms of signal transduction aretion happen in a certain order of events. The shown order
is mainly for clarity, demonstrating the consequence of possible.
Computational models suffer in general from ambigu-the different  models. The experimental data might
actually imply a different time course of events. As noted ity. To resolve this ambiguity, a large body of experimen-
tal data is needed. Furthermore, the degree of confi-above, a certain contradiction seems to appear con-
cerning the separation of the TM helices: on the one dence in the model is dependent on the method used.
The conformational search employed here has beenhand it has been claimed that the TM domains of the
heterodimer separate after ligand binding (Kim et al., proven to reliably predict structural features of trans-
membrane dimers. Adams et al. used the same method2003); on the other hand it was demonstrated that the 
phosphorylation is under kinetic control of the  subunit, to generate a structural model of Glycophorin A (Adams
et al., 1996), which has a rmsd of less than 1 A˚ to theimplying a structural supervision of the intracellular 
domains by the  domains (Blystone, 2002). Since ac- subsequently solved NMR structure of this protein (Mac-
Kenzie et al., 1997).cording to our model the GpA-like heterodimeric struc-
ture is compatible with the model of the 3 homotrimer, Based on mutational data similar to those used for
the GpA dimer, a model of the transmembrane synapto-the following order of events might solve this contradic-
Structure
1114
Figure 5. Two Possible Models of Clustering
during Signal Transduction
The  subunit is represented in blue, the 
subunit in red. The GpA-like conformations
are framed in green. The compact resting
state is converted to an extended ligand bind-
ing conformation. At this point, the hetero-
dimer adopts a GpA-like conformation in the
TM domains. Depending on the model of the
homodimer, two different ways of clustering
are possible. Left path, assuming a separa-
tion of the hetero-TM complex, two  sub-
units can form a GpA-like conformation. This
kind of homomeric interaction is supported
by recent experimental evidence.  homotri-
mers can be formed, giving rise to higher or-
der oligomers. Right path, assuming that the
hetero-TM complex remains intact, the GpA-
like heterocomplex can be coupled via an 
homodimer. Again,  homotrimer can give
rise to higher oligomeric structures. The order
of events shown here does not reflect the
biological order of events, but is chosen to
emphasize the consequences of different 
homodimerization.
brevin dimer was generated with the same method em- mental evidence and has been corroborated by mea-
surements of heterooligomerizing integrin sequencesployed here (Fleming and Engelman, 2001). The model
is in complete accord with the experimental data and (Schneider and Engelman, 2004). The least experimental
data are available for the IIb homodimer, which leadspredicted correctly the involvement of certain residues
in the dimerization. to an ambiguity in the model of the  homomeric interac-
tion. This ambiguity can be translated to two differentIn our earlier work on heterodimers of integrins, we
predicted a GpA-like conformation for IIb3 dimers models of signal transduction by integrins (Figure 5).
The recent data by Schneider and Engelman (Schneider(Gottschalk et al., 2002a). This prediction has been con-
firmed by Schneider and Engelman (Schneider and En- and Engelman, 2004) imply the formation of a GpA-
like homodimeric structure. This would be in line with agelman, 2004), although a high-resolution structure is
still lacking. Nevertheless, the shown success of the model of separating TM helices as proposed earlier (Kim
et al., 2003).method employed here demonstrates that a global con-
formational search of helix-helix interactions can be In summary, we were able to integrate different experi-
mental work with computations to form a consistentused to generate near-native structural models with high
predictive value. model of the integrin cluster formation. Sequential and
functional homology of the integrins allows the assump-The different parts in our model have different degrees
of reliability. The computed conformation of the 3 ho- tion that similar conformations are also realized by other
integrin subtypes. Experimental evidence and the calcu-motrimer is based on mutational experiments, and we
can therefore be confident that our model represents a lations performed here and previously now connect dif-
ferent states of activation and the formation of focalnear-native structure. As argued earlier (Gottschalk et
al., 2002a), the proposed conformation of the IIb3 adhesion clusters on the molecular level. We think that
growing evidence is provided that homo- and heterooli-heterodimer is also based on different lines of experi-
Transmembrane Clustering of Integrins
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Global Search of IIbgomeric interactions of the integrin transmembrane heli-
The global search was essentially carried out like the symmetricces play an important role in signal transduction via the
search, but all rotation angle combinations with rotation angles cellular membrane.
and  of 0–360 in 45 increments were tested. Only helical restraints
were applied. The search protocol is identical to the one used for
the successful prediction of GpA (Adams et al., 1996) and the predic-Experimental Procedures
tion of the heterodimer of integrins (Gottschalk et al., 2002a).
All the calculations have been performed with the molecular model-
Acknowledgmentsing and manipulation program CNS, version 1.1 (Brunger et al., 1998).
The opls force field parameters were used (Jorgensen and Tirado-
K.E.G. is supported by a Minerva Fellowship.Rives, 1988). The electrostatic term was cut off at 13 A˚ for all calcula-
tions, employing a shift function starting at 10 A˚ to ensure a smooth
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